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(57) ABSTRACT

Delay circuits, and related systems and methods are dis-
closed. In one aspect, a delay circuit 1s provided that uses
logic to delay accurately an output enable signal to reduce or
avold data hazards within a slave device. The delay circuit
includes two shift register chains configured to receive an
output enable 1n signal based on a slow clock. A first shiit
register chain 1s clocked by a positive edge of a fast clock,
and provides a first strobe signal. A second shiit register
chain 1s clocked by a negative edge of the fast clock, and
provides a second strobe signal. The logic uses the first and
second strobe signals, and the output enable 1n signal, to
provide a delayed output enable out signal. The delay circuit
provides a highly accurate time delay for the output enable
signal to reduce or avoid data hazards 1n an area and power

ethicient manner.
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/122

Receive a fast clock signal (406). 124

Receive a slow clock signal (42). 126

Receive and output enable in signal (40}, wherein the 128
output enable in signal (40) is based on the slow clock signal (42).

(Generate a first strobe signal (48) based on the output 130
enable in signal (40) and the fast clock signal (46).

132

Generate a second strobe signal (58) based on the output enable in signal (40) and the
fast clock signal (46}, wherein each transition of the second strobe signal (58) is opposite
of each corresponding transition of the first strobe signal (48).

Provide an output enable out signal (64) based on the first strobe 134

signal (48), the second strobe signal (58), and the output enable in signhal (40).

FIG. 5
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DELAY CIRCUITS AND RELATED SYSTEMS
AND METHODS

BACKGROUND

I. Field of the Disclosure

The technology of the disclosure relates generally to delay
circuits, and particularly to delay circuits for devices that
receive a clock signal from a data bus.

II. Background

Electronic devices, such as mobile phones and computer
tablets, have become common 1n contemporary society for
supporting various everyday uses. These electronic devices
cach commonly include a microphone and speakers. Typical
microphones and speakers used 1n electronic devices have
analog interfaces, requiring dedicated two (2) port wiring to
connect each device. However, electronic devices may
include multiple audio devices, such as multiple micro-
phones and/or speakers. Thus, 1t may be desired to allow for
a microprocessor or other control device in such electronic
devices to be able to communicate audio data to multiple
audio devices over a common communications bus. Further,
it may also be desired to provide a defined communications
protocol for transporting digital data relating to audio chan-
nels to different audio devices 1n an electronic device over
a common communications bus.

In this regard, the MIPI® Alliance has announced Sound-
Wire™ as a communications protocol for transporting digi-
tal data relating to audio channels to diflerent audio devices
assoclated with an electronic device. In SoundWire™, one
SoundWire™ master interface allows a master electronic
device (“master device”), or monitor communicatively
coupled thereto, to communicate over a common cominu-
nications bus with one or more slave electronic devices
(“slave devices™) coupled to SoundWire™ slave interfaces.
As of this writing, the current version of SoundWire™ 1s
revision 0.6-r02, which was made internally available on
May 6, 2014 to MIPI Alliance members through the MIPI
sharepoint file server.

The common communications bus 1 SoundWire™
includes two separate wires: a common data wire (“DATA”)
and a common clock wire (“CLK”). In an attempt to provide
a low power consumption environment, the SoundWire™
protocol employs a modified Non Return to Zero Inverted
(“NRZI”) encoding scheme in conjunction with a double
data rate (“DDR”), wherein DATA 1s examined, and poten-
tially driven, upon every transition of a clock signal on CLK.
Employing a NRZI encoding scheme with DDR 1n this
manner aflects signaling such that the Sound Wire™ proto-
col suggests a need for a delay circuit 1n each slave device
to avoid data hazards caused by improper signal timing.
However, delay circuits that provide the delay necessary for
a slave device to avoid data hazards typically generate
approximate delays while consuming area and power within
the slave device. Therefore, 1t would be advantageous to
provide a more accurate delay to a slave device so as to
avold data hazards, while also reducing area and power
consumption of a corresponding delay circuit.

SUMMARY OF THE DISCLOSURE

Aspects disclosed in the detailed description include delay
circuits and related systems and methods. In one aspect, a
delay circuit 1s provided that uses simple logic to delay
accurately an output enable signal so as to reduce or avoid
data hazards within a slave device. This logic 1s configured
to provide a highly accurate delay by taking advantage of a
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timing relationship between a fast clock and a corresponding
slow clock. More specifically, the delay circuit includes two
separate shift register chains configured to receive an output
enable 1n signal that 1s based on the slow clock. The first
shift register chain 1s clocked by a positive edge of the fast
clock, thus providing a resulting {first strobe signal 1n
response to a positive transition of the fast clock. The second
shift register chain 1s clocked by a negative edge of the fast
clock, thus providing a resulting second strobe signal 1n
response to a negative edge of the fast clock. Triggering the
shift register chains using opposite edges of the fast clock
allows a corresponding delay to remain accurate relative to
the fast clock. In this manner, the simple logic uses the first
and second strobe signals, 1n conjunction with the output
enable 1n signal, to provide a delayed output enable out
signal. Therefore, creating a delay based on the fast clock
and the slow clock, by employing logic 1n conjunction with
the shift register chains, allows the delay circuit to provide
a highly accurate time delay for the output enable signal so
as to reduce or avoid data hazards in an area and power
cilicient manner.

In this regard 1n one aspect, a delay circuit for delaying an
output enable signal 1s disclosed. The delay circuit com-
prises a first shift register chain. The first shift register chain
comprises a first chain imput configured to receive an output
enable 1n signal, wherein the output enable 1n signal 1s based
on a slow clock signal. The first shiit register chain further
comprises a first chain clock mmput configured to receive a
fast clock signal and a first chain output configured to
provide a first strobe signal. The delay circuit further com-
prises a second shift register chain. The second shift register
chain comprises a second chain 1nput configured to receive
the output enable 1n signal and a second chain clock input
configured to receive the fast clock signal. The second shiit
register chain further comprises a second chain output
configured to provide a second strobe signal, wherein each
transition of the second strobe signal 1s opposite of a
corresponding transition of the first strobe signal. The delay
circuit further comprises a delayed output configured to
provide an output enable out signal based on the first strobe
signal, the second strobe signal, and the output enable 1n
signal.

In another aspect, a method for delaying an output enable
signal 1s disclosed. The method comprises recerving a fast
clock signal and a slow clock signal. The method further
comprises receiving an output enable 1n signal, wherein the
output enable 1n signal 1s based on the slow clock signal. The
method further comprises generating a first strobe signal
based on the output enable 1n s1ignal and the fast clock signal.
The method further comprises generating a second strobe
signal based on the output enable in signal and the fast clock
signal, wherein each transition of the second strobe signal 1s
opposite of each corresponding transition of the first strobe
signal. The method further comprises providing an output
enable out signal based on the first strobe signal, the second
strobe signal, and the output enable in signal.

In another aspect, a delay circuit for delaying an output
enable 1s disclosed. The delay circuit comprises a first shiit
register chain configured to generate a first strobe signal.
The delay circuit further comprises a second shift register
chain configured to generate a second strobe signal, wherein
cach transition of the second strobe signal 1s opposite of each
corresponding transition of the first strobe signal. The delay
circuit further comprises a delayed output configured to
provide an output enable out signal based on the first strobe
signal, the second strobe signal, and an mnput signal.
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In another aspect, a SoundWire™ device 1s disclosed. The
SoundWire™ device comprises a SoundWire™ communi-
cations bus. The SoundWire™ communications bus com-
prises a data wire and a clock wire. The Sound Wire™ device
turther comprises a master device coupled to one or more
slave devices via the SoundWire™ communications bus.
Each of the one or more slave devices comprises a delay
circuit. Each delay circuit among a plurality of delay circuits
comprises a first shift register chain. The first shift register
chain comprises a first chain input configured to receive an
output enable 1n signal, wherein the output enable 1n signal
1s based on a slow clock signal provided on the clock wire.
The first shiit register chain further comprises a first chain
clock input configured to receive a fast clock signal. The first
shift register chain further comprises a first chain output
configured to provide a first strobe signal. Each delay circuit
among the plurality of delay circuits further comprises a
second shift register chain. The second shift register chain
comprises a second chain mput configured to receive the
output enable 1n signal. The second shift register chain
turther comprises a second chain clock input configured to
receive the fast clock signal. The second shift register chain
turther comprises a second chain output configured to pro-
vide a second strobe signal, wherein each transition of the
second strobe signal 1s opposite of each corresponding
transition of the first strobe signal. Each delay circuit among,
the plurality of delay circuits further comprises a delayed
output configured to provide an output enable out signal
based on the first strobe signal, the second strobe signal, and
the output enable 1n signal.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 1s a block diagram of an exemplary SoundWire™
system that includes a master device coupled to a plurality
of slave devices:

FIG. 2 1s a block diagram of an exemplary delay circuit
configured to provide an approximate delay to a slave
device;

FIG. 3 1s a block diagram of an exemplary delay circuit
configured to provide a highly accurate delay to a slave
device 1n an area and power eflicient manner;

FI1G. 4 1s a timing diagram of exemplary signals generated
by the delay circuit in FIG. 3;

FI1G. 5 1s a flowchart 1llustrating an exemplary process for
delaying an iput signal by a highly accurate delay in an area
and power eflicient manner;

FIG. 6 1s a block diagram of an exemplary delay circuit
employing a frequency compensation circuit used to select
a particular delay;

FIG. 7 1s a block diagram of an exemplary delay circuit
employing a power reduction circuit used to enable and
disable a fast clock to reduce power consumption; and

FIG. 8 1s a block diagram of an exemplary processor-
based system that can include the delay circuit in FIG. 3.

DETAILED DESCRIPTION

With reference now to the drawing figures, several exem-
plary aspects of the present disclosure are described. The
word “exemplary” 1s used herein to mean “serving as an
example, instance, or illustration.” Any aspect described
herein as “exemplary” 1s not necessarily to be construed as
preferred or advantageous over other aspects.

Aspects disclosed in the detailed description include delay
circuits and related systems and methods. In one aspect, a
delay circuit 1s provided that uses simple logic to delay
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4

accurately an output enable signal so as to reduce or avoid
data hazards within a slave device. This logic 1s configured
to provide a highly accurate delay by taking advantage of a
timing relationship between a fast clock and a corresponding
slow clock. More specifically, the delay circuit includes two
separate shift register chains configured to receive an output
enable 1 signal that 1s based on the slow clock. The first
shift register chain 1s clocked by a positive edge of the fast
clock, thus providing a resulting {first strobe signal 1n
response to a positive transition of the fast clock. The second
shift register chain 1s clocked by a negative edge of the fast
clock, thus providing a resulting second strobe signal 1n
response to a negative edge of the fast clock. Triggering the
shift register chains using opposite edges of the fast clock
allows a corresponding delay to remain accurate relative to
the fast clock. In this manner, the simple logic uses the first
and second strobe signals, 1n conjunction with the output
enable 1n signal, to provide a delayed output enable out
signal. Therefore, creating a delay based on the fast clock
and the slow clock, by employing logic 1n conjunction with
the shift register chains, allows the delay circuit to provide
a highly accurate time delay for the output enable signal so
as to reduce or avoid data hazards in an area and power
ellicient manner.

Betfore discussing the delay circuit aspects disclosed
herein, an exemplary SoundWire™ system 1s first described.
In this regard, FIG. 1 1s a block diagram of an exemplary
SoundWire™ system 10 having one (1) master device 12
and four (4) slave devices 14(1)-14(4) communicatively
coupled to a SoundWire™ communications bus 16 as
Sound Wire™-compatible electronic devices. In an exem-
plary aspect, the slave devices 14(1)-14(4) may be micro-
phones, speakers, or other audio devices. The master device
12 communicates with the slave devices 14(1)-14(4) using
two (2) signals: a clock signal 18 communicated over a
common clock wire 20 (“CLK 20”), and a data signal 22
communicated on a common data wire 24 (“DATA 24”) of
the SoundWire™ communications bus 16. While only four
slave devices 14(1)-14(4) are 1llustrated in FIG. 1, 1t should
be appreciated that the SoundWire™ specification supports
up to eleven (11) slave devices 14 per master device 12. It
should be appreciated that the master device 12 may have a
control system 26 associated therewith, which may be a
hardware implemented processor with associated software
stored 1n memory associated with the processor. In an
exemplary aspect, the control system 26 1s part of the system
on a chip (SoC) of the master device 12. In an alternate
exemplary aspect, the control system 26 may be associated
with a central processor for the computing device that
includes the SoundWire™ system 10. In further exemplary
aspects, the slave devices 14(1)-14(4) each have a respective
slave control system 28(1)-28(4). Notably, while this aspect
illustrates various elements within the master device 12 and
the slave devices 14(1)-14(4), other aspects may include
alternative elements or configurations and achieve similar
functionality.

With continuing reference to FIG. 1, the SoundWire™
system 10 employs a modified Non Return to Zero Inverted

(“NRZI”) encoding scheme in conjunction with a double

data rate (“DDR”), wherein the DATA 24 1s examined, and
potentially driven, upon every transition of the clock signal
18. As a non-limiting example, the DATA 24 may be driven
by the slave devices 14(1)-14(4) based on a corresponding
data output enable signal (“DATA_OE”) of each respective
slave device 14(1)-14(4). Driving the DATA 24 according to
DDR i1n this manner causes a respective DATA_OE to
potentially transition four (4) times during each cycle of the
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clock signal 18. More specifically, a respective DATA_OFE
may transition to a high logic level and drive a first data
segment 1n response to the clock signal 18 transitioning to a
high logic level. However, upon the clock signal 18 reaching
a low logic level, the DATA_OE may transition to a low
logic level so as to stop driving the first data segment, and
subsequently transition to a high logic level to begin driving
a second data segment. When the clock signal 18 again
transitions to a high logic level, the DATA_OE may transi-
tion to a low logic level to stop driving the second data
segment. Such multiple transitions of the DATA_OFE during
one cycle of the clock signal 18 increases the probability of
data hazards 1n a corresponding slave device 14(1)-14(4) 1n
the SoundWire™ system 10. To avoid such data hazards, the
SoundWire™ protocol suggests delaying the DATA_OE
accordingly.

In this regard, FIG. 2 illustrates an exemplary conven-

tional delay circuit 30 put forth by the SoundWire™ proto-

col that may be configured to delay a DATA_OE of a
respective slave device 14(1)-14(4) in the SoundWire™
system 10. In particular, the conventional delay circuit 30
includes generic delay elements 32(1)-32(3) that may be
configured to provide an approximate delay for a respective
DATA_OE. As a non-limiting example, each generic delay
clement 32(1)-32(3) may be designed using library cells so
as to provide a pre-defined, simple delay. By designing the
generic delay elements 32(1)-32(3) using library cells 1n this
manner, the conventional delay circuit 30 may consume less
area and power as compared to employing analog circuitry
to provide a delay based on tracking a phase of the clock
signal 18. However, 1t 1s worth noting that the delay pro-
vided by the generic delay elements 32(1)-32(3) based on
library cells may vary widely due to process, voltage, and
temperature (“PV'1”) shifts in the SoundWire™ system 10.
Thus, 1t would be advantageous to provide a more accurate
delay for the DATA_OE of a slave device 14(1)-14(4) so as
to avoid data hazards, while also reducing area and power
consumption of the corresponding conventional delay cir-
cuit 30.

In this regard, FI1G. 3 illustrates a delay circuit 34 corre-
sponding to an exemplary aspect of the present disclosure.
The delay circuit 34 1s configured to provide a highly
accurate delay of an output enable signal of devices similar
to the master device 12 or the slave devices 14(1)-14(4) in
FIG. 1, and may require less area and power than a delay
circuit similar to the conventional delay circuit 30 1n FIG. 2.
More specifically, the delay circuit 34 includes a first shait
register chain 36 having a first chain mput 38 configured to
receive an output enable 1n signal 40 that 1s based on a slow
clock signal 42. The first shift register chain 36 also includes
a first chain clock iput 44 configured to receive a fast clock
signal 46, wherein the fast clock signal 46 has a higher
frequency than the slow clock signal 42. Upon a positive
transition of the fast clock signal 46, the first shift register
chain 36 1s configured to provide a first strobe signal 48 on
a first chain output 50. The delay circuit 34 also includes a
second shift register chain 52 configured to receive the
output enable 1n signal 40 on a second chain mput 54. The
second shift register chain 52 includes a second chain clock
iput 36 configured to receive the fast clock signal 46. In
response to a negative transition of the fast clock signal 46,
the second shiit register chain 52 1s configured to provide a
second strobe signal 38 on a second chain output 60. Further,
the delay circuit 34 includes simple logic 62 that uses the
first strobe signal 48 and the second strobe signal 58 to
provide an output enable out signal 64 on a delayed output
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66, wherein the output enable out signal 64 1s a delayed
version of the output enable in signal 40.

With continuing reference to FIG. 3, mn an exemplary
aspect, the first shift register chain 36 includes first shiit
clements 68(1)-68(4). The fast clock signal 46 1s provided to
a corresponding clock mput 70(1)-70(4) of each first shait
clement 68(1)-68(4). The first shiit elements 68(1) and 68(3)
are clocked 1n response to a positive transition of the fast
clock signal 46, while the first shift elements 68(2) and 68(4)
are clocked 1n response to a negative transition of the fast
clock signal 46. Further, the second shift register chain 52
includes second shift elements 72(1)-72(4). The fast clock
signal 46 1s provided to a corresponding clock input 74(1)-
74(4) of each second shift element 72(1)-72(4). The second
shift elements 72(1) and 72(3) are clocked 1n response to a
negative transition of the fast clock signal 46, while the
second shift elements 72(2) and 72(4) are clocked 1n
response to a positive transition of the fast clock signal 46.
In this manner, each transition of the second strobe signal 58
1s logically opposite of a corresponding transition of the first
strobe signal 48. Thus, when the first strobe signal 48
possesses a high logic value, the second strobe signal 38
possesses a low logic value. Notably, although this exem-
plary aspect includes the first shiit elements 68(1)-68(4) and
the second shift elements 72(1)-72(4), other aspects may
achieve similar functionality by employing an even number
N of first shift elements 68(1)-68(IN) and second shiit
clements 72(1)-72(N). In another exemplary aspect, the
number of shift elements 68, 72 may vary. For example,
there may be an even number N of first shift elements
68(1)-68(N) and an odd number M of second shiit elements
72(1)-72(M) (or vice versa). In still another example, there
may be an odd number M of first shift elements 68(1)-68(IM )
and an odd number M of second shiit elements 72(1)-72(M).

With continuing reference to FIG. 3, 1n the exemplary
aspect, the output enable 1n signal 40 1s based on the slow
clock signal 42 by way of a flip-tlop 76. In particular, the
flip-flop 76 includes a fhp-flop mmput 78 configured to
receive a data signal 80. The flip-flop 76 also includes a
tlip-flop clock mput 82 configured to receive the slow clock

signal 42. Thus, a flip-flop output 84 1s configured to provide
the output enable in signal 40. Additionally, the fast clock
signal 46 1n this exemplary aspect 1s generated by a fast
clock, wherein the fast clock 1s a ring oscillator 86.

With continuing reference to FIG. 3, 1n this exemplary
aspect, the simple logic 62 includes an OR logic gate 88 that
1s configured to receive the first strobe signal 48 on a first OR
input 90, and receive the second strobe signal 38 on a second
OR 1nput 92. The simple logic 62 1n this aspect also includes
an AND logic gate 94 configured to receirve the output
enable 1n signal 40 on a first AND mput 96, while a second
AND mput 98 1s coupled to an OR output 100 of the OR
logic gate 88. Further, the AND logic gate 94 1s configured
to generate the output enable out signal 64 on the delayed
output 66 of the delay circuit 34. Notably, other aspects may
use other OR-based and/or AND-based logic gates 1n place
of the OR logic gate 88 and the AND logic gate 94,
respectively, to achieve similar functionality. Creating a
delay based on the fast clock signal 46 and the slow clock
signal 42 by using the simple logic 62 in conjunction with
the first shift register chain 36 and the second shiit register
chain 52 allows the delay circuit 34 to provide a highly
accurate time delay for a DATA_OE of a slave device
14(1)-14(4) 1n FIG. 1. In this manner, the delay circuit 34

may provide a highly accurate time delay that reduces or
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avoilds data hazards while potentially consuming less area
and power as compared to generating delays using analog
circuitry or library cells.

In this regard, FIG. 4 illustrates a timing diagram of
exemplary signals 102 generated by the delay circuit 34 1n
FIG. 3. In particular, the output enable in signal 40 transi-
tions to a high logic value, as shown by arrow 104. In
response to a first transition of the fast clock signal 46
tollowing the output enable 1n signal 40 transitioning to a
high logic value, as shown by arrow 106, a first delay signal
108 may be generated by the delay circuit 34 by sampling an
output of the first shift element 68(1) and the second shiit
clement 72(1). Similarly, 1n response to a second transition
of the fast clock signal 46 following the output enable 1n
signal 40 transitioning to a high logic value, as shown by
arrow 110, a second delay signal 112 may be generated by
the delay circuit 34 by sampling an output of the first shift
clement 68(2) and the second shift element 72(2). Further, 1n
response to a third transition of the fast clock signal 46
following the output enable 1n signal 40 transitioning to a
high logic value, as shown by arrow 114, a third delay signal
116 may be generated by the delay circuit 34 by sampling
the output of the first shift element 68(3) and the second shiit
clement 72(3). In this manner, because the first shift register
chain 36 and the second shift register chain 32 each have
four (4) stages 1n this exemplary aspect, the output enable
out signal 64 transitions high, as indicated by arrow 118, 1n
response to a fourth transition of the fast clock signal 46, as
indicated by arrow 120. Thus, a delay (t,,,,) generated by
the delay circuit 34 may be created with a level of precision
that 1s dependent on the number of stages employed by the
first shiit register chain 36 and the second shift register chain
52. Particularly, the delay (t,,,,) generated by the delay
circuit 34 may be calculated by way of the following
equation:

(Eq. 1)

In this regard, N 1s the number of stages employed by each
of the first shift register chain 36 and the second register
chain 52 (e.g., four (4) i the delay circuit 34); t
represents an uncertainty among phases of the fast clock
signal 46 and the slow clock signal 42; and t,._,, ., represents
one-half of a cycle of the fast clock signal 46. Theretore, as
illustrated by the exemplary signals 102 1n FIG. 4, the delay
circuit 34 1n FIG. 3 may be configured to provide a highly
accurate time delay for the DATA_OE, as opposed to an
approximate time delay generated by delay circuits employ-
ing library cells, such as the conventional delay circuit 30 1n
FIG. 2.

In this regard, FI1G. 5 1llustrates an exemplary process 122
employed by the delay circuit 34 1n FIG. 3 for delaying the
output enable 1n signal 40 by a highly accurate delay while
potentially consuming less area and power as compared to
generating delays using analog circuitry or library cells. In
particular, the delay circuit 34 1s configured to receive the
tast clock signal 46 (block 124). The delay circuit 34 is
configured to receive the slow clock signal 42 (block 126).
Further, the delay circuit 34 1s configured to receive the
output enable 1n signal 40, wherein the output enable 1n
signal 40 1s based on the slow clock signal 42 (block 128).
The delay circuit 34 1s configured to generate the first strobe
signal 48 based on the output enable 1n signal 40 and the fast
clock signal 46 (block 130). The delay circuit 34 1s also
configured to generate the second strobe signal 38 based on
the output enable in signal 40 and the fast clock signal 46,
wherein each transition of the second strobe signal 58 1s
opposite of each corresponding transition of the first strobe
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signal 48 (block 132). Further, the delay circuit 34 1s
configured to provide the output enable out signal 64 based
on the first strobe signal 48, the second strobe signal 58, and
the output enable 1n signal 40 (block 134). By employing the
process 122, the delay circuit 34 may provide a highly
accurate delay that may reduce or avoid data hazards in the
delay circuit 34 while potentially consuming less area and
power as compared to generating delays using analog cir-
cuitry or library cells.

Although the delay circuit 34 may be configured to
generate a highly accurate time delay, such a delay may vary
due to how PV'T variations aflect the stability of the fast
clock signal 46. In this regard, FIG. 6 1llustrates an exem-
plary delay circuit 136 employing a frequency compensation
circuit 138 used to compensate the output enable out signal
64 based on a delay variance between the slow clock signal
42 and the fast clock signal 46. The delay circuit 136
includes certain common components and circuits with the
delay circuit 34 1n FIG. 3, which are shown with common
clement numbers between FIGS. 3 and 6. In an exemplary
aspect, the frequency compensation circuit 138 includes a
counter circuit 140 configured to count the number of
transitions of the fast clock signal 46 that occur during a
single cycle of the slow clock signal 42. The frequency
compensation circuit 138 is configured to calculate the delay
variance between the slow clock signal 42 and the fast clock
signal 46 based on the number of counted transitions of the
fast clock signal 46. Such a delay variance 1s used by the
frequency compensation circuit 138 to generate a selection
signal 142 that 1s provided to a multiplexer 144 1n the delay
circuit 136. The multiplexer 144 includes data imnputs 146
(1)-146(4) coupled to an output of each first shift element
68(1)-68(4), and data mputs 146(5)-146(8) coupled to an
output of each second shift element 72(1)-72(4). Further, the
multiplexer 144 1s configured to provide the first strobe
signal 48 and the second strobe signal 38 to the simple logic
62 based on the selection signal 142 generated by the
frequency compensation circuit 138. Thus, the frequency
compensation circuit 138 1s able to compensate the output
enable out signal 64 by determining which stage within the
first shitt register chain 36 and the second shift register chain
52 provides the most accurate delay in light of the effects
that PV'T variations have on the fast clock signal 46.

Although the delay circuit 34 1n FIG. 3 1s configured to
provide a highly accurate time delay while potentially using
less area and power as compared to the conventional delay
circuit 30 1n FIG. 2, additional components may be included
in other aspects to reduce power consumption further. In this
regard, FIG. 7 illustrates an exemplary delay circuit 148
employing a power reduction circuit 150 configured to
reduce power consumption. The delay circuit 148 includes
certain common components and circuits with the delay
circuit 34 in FIG. 3, which are shown with common element
numbers between FIGS. 3 and 7. In an exemplary aspect, the
power reduction circuit 150 1s configured to pause the fast
clock signal 46 when the output enable i1n signal 40 is
logically equal to the output enable out signal 64. In par-
ticular, the power reduction circuit 150 includes an XOR
logic gate 152 configured to receive the output enable 1n
signal 40 and the output enable out signal 64. The XOR logic
gate 152 1s configured to use such iputs to provide a power
reduction signal 154 to the ring oscillator 86 generating the
tast clock signal 46. Thus, when the output enable 1n signal
40 has the same logical value as the output enable out signal
64, the power reduction signal 154 provides a high logic
value to an AND logic gate 156 1n the ring oscillator 86. The
AND logic gate 156 i1s configured to receive an inverter
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signal 158 from a final inverter 160(3) of serially coupled
inverters 160(1)-160(3) in addition to the power reduction
signal 154. In this manner, the ring oscillator 86 will not
generate the fast clock signal 46 when a delay 1s not needed,
thereby reducing power consumption of the delay circuit
148 without negatively aflecting the delay functionality.
Notably, other aspects may use other XOR-based and/or
AND-based logic gates 1n place of the XOR logic gate 152
and the AND logic gate 156, respectively, to achieve similar
functionality.

Aspects 1ncluded herein are described as used within a
device employing the SoundWire™ protocol. For example,
the delay circuits, and related systems and methods may be
employed within the slave control systems 28(1)-28(4) 1n
the SoundWire™ system 10 in FIG. 1. However, the delay
circuits, and related systems and methods may also be
employed within devices employing other protocols.

The delay circuits, and related systems and methods
according to aspects disclosed herein may be provided in or
integrated into any processor-based device. Examples, with-
out limitation, include a set top box, an entertainment unit,
a navigation device, a communications device, a fixed
location data unit, a mobile location data unit, a mobile
phone, a cellular phone, a computer, a portable computer, a
desktop computer, a personal digital assistant (PDA), a
monitor, a computer monitor, a television, a tuner, a radio,
a satellite radio, a music player, a digital music player, a
portable music player, a digital video player, a video player,
a digital video disc (DVD) player, and a portable digital
video player.

In this regard, FIG. 8 illustrates an example ol a proces-
sor-based system 162 that can employ the delay circuit 34
illustrated 1n FIG. 3. In this example, the processor-based
system 162 1ncludes one or more central processing units
(CPUs) 164, cach including one or more processors 166. The
CPU(s) 164 may have cache memory 168 coupled to the
processor(s) 166 for rapid access to temporarily stored data.
The CPU(s) 164 1s coupled to a system bus 170 and can
intercouple master and slave devices included 1n the pro-
cessor-based system 162. As 1s well known, the CPU(s) 164
communicates with these other devices by exchanging
address, control, and data information over the system bus
170. For example, the CPU(s) 164 can communicate bus
transaction requests to a memory controller 172 as an
example of a slave device. Although not illustrated 1n FIG.
8, multiple system buses 170 could be provided, wherein
cach system bus 170 constitutes a different fabric.

Other master and slave devices can be connected to the
system bus 170. As 1llustrated 1n FIG. 8, these devices can
include a memory system 174, one or more mput devices
176, one or more output devices 178, one or more network
interface devices 180, and one or more display controllers
182, as examples. The mput device(s) 176 can include any
type of input device, including but not limited to input keys,
switches, voice processors, etc. The output device(s) 178 can
include any type of output device, including but not limited
to audio, video, other visual indicators, etc. The network
interface device(s) 180 can be any devices configured to
allow exchange of data to and from a network 184. The
network 184 can be any type of network, including but not
limited to a wired or wireless network, a private or public
network, a local area network (LAN), a wide local area
network, a wireless local area network, and the Internet. The
network interface device(s) 180 can be configured to support
any type of communications protocol desired. The memory
system 174 can include one or more memory units 186(1)-
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The CPU(s) 164 may also be configured to access the
display controller(s) 182 over the system bus 170 to control
information sent to one or more displays 188. The display
controller(s) 182 sends information to the display(s) 188 to
be displayed via one or more video processors 190, which
process the information to be displayed nto a format suit-
able for the display(s) 188. The display(s) 188 can include
any type of display, including but not limited to a cathode
ray tube (CRT), a light emitting diode display (LED), a
liquad crystal display (LLCD), a plasma display, etc.

Those of skill in the art will further appreciate that the
various 1illustrative logical blocks, modules, circuits, and
algorithms described 1n connection with the aspects dis-
closed herein may be implemented as electronic hardware,
instructions stored in memory or in another computer-
readable medium and executed by a processor or other
processing device, or combinations of both. The master and
slave devices described herein may be employed 1n any
circuit, hardware component, integrated circuit (IC), or IC
chip, as examples. Memory disclosed herein may be any
type and size of memory and may be configured to store any
type of information desired. To clearly illustrate this inter-
changeability, various illustrative components, blocks, mod-
ules, circuits, and steps have been described above generally
in terms of theiwr functionality. How such functionality is
implemented depends upon the particular application,
design choices, and/or design constraints imposed on the
overall system. Skilled artisans may 1mplement the
described functionality 1n varying ways for each particular
application, but such implementation decisions should not
be mterpreted as causing a departure from the scope of the
present disclosure.

The wvarious illustrative logical blocks, modules, and
circuits described 1n connection with the aspects disclosed
herein may be implemented or performed with a processor,
a Digital Signal Processor (DSP), an Application Specific
Integrated Circuit (ASIC), a Field Programmable Gate Array
(FPGA) or other programmable logic device, discrete gate or
transistor logic, discrete hardware components, or any com-
bination thereof designed to perform the functions described
herein. A processor may be a microprocessor, but in the
alternative, the processor may be any conventional proces-
sor, controller, microcontroller, or state machine. A proces-
sor may also be implemented as a combination of computing,
devices, e.g., a combination of a DSP and a microprocessor,
a plurality of microprocessors, one or more miCroprocessors
in conjunction with a DSP core, or any other such configu-
ration.

The aspects disclosed herein may be embodied 1n hard-
ware and 1n instructions that are stored 1n hardware, and may
reside, for example, in Random Access Memory (RAM),
flash memory, Read Only Memory (ROM), Electrically
Programmable ROM (EPROM), Electrically Erasable Pro-
grammable ROM (EEPROM), registers, a hard disk, a
removable disk, a CD-ROM, or any other form of computer
readable medium known 1in the art. An exemplary storage
medium 1s coupled to the processor such that the processor
can read information from, and write information to, the
storage medium. In the alternative, the storage medium may
be integral to the processor. The processor and the storage
medium may reside 1 an ASIC. The ASIC may reside 1n a
remote station. In the alternative, the processor and the
storage medium may reside as discrete components 1n a
remote station, base station, or server.

It 1s also noted that the operational steps described in any
of the exemplary aspects herein are described to provide
examples and discussion. The operations described may be
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performed 1n numerous different sequences other than the
illustrated sequences. Furthermore, operations described in a
single operational step may actually be performed 1 a
number of different steps. Additionally, one or more opera-
tional steps discussed 1n the exemplary aspects may be
combined. It 1s to be understood that the operational steps
illustrated in the flow chart diagrams may be subject to
numerous diflerent modifications as will be readily apparent
to one of skill 1n the art. Those of skill in the art will also
understand that information and signals may be represented
using any ol a variety of diflerent technologies and tech-
niques. For example, data, mstructions, commands, infor-
mation, signals, bits, symbols, and chips that may be refer-
enced throughout the above description may be represented
by voltages, currents, electromagnetic waves, magnetic
fields or particles, optical fields or particles, or any combi-
nation thereof.

The previous description of the disclosure 1s provided to
enable any person skilled 1 the art to make or use the
disclosure. Various modifications to the disclosure will be
readily apparent to those skilled in the art, and the generic
principles defined herein may be applied to other variations
without departing from the spirit or scope of the disclosure.
Thus, the disclosure 1s not intended to be limited to the
examples and designs described herein, but 1s to be accorded
the widest scope consistent with the principles and novel
teatures disclosed herein.

What 1s claimed 1s:

1. A delay circuit for delaying an output enable signal,
comprising;

a first shiit register chain comprising;:

a first chain mput configured to receive an output
enable 1n signal, wherein the output enable in signal
1s based on a slow clock signal;

a first chain clock iput configured to receive a fast
clock signal; and

a first chain output configured to provide a first strobe
signal;

a second shift register chain comprising:

a second chain input configured to receive the output
enable 1n signal;

a second chain clock input configured to receive the
fast clock signal; and

a second chain output configured to provide a second
strobe signal, wherein each transition of the second
strobe signal 1s opposite of a corresponding transi-
tion of the first strobe signal; and

a delayed output configured to provide an output enable

out signal based on the first strobe signal, the second

strobe signal, and the output enable 1n signal.

2. The delay circuit of claim 1, further comprising a
tlip-tflop comprising:

a thp-tlop mput configured to receive a data signal;

a tlip-tlop clock input configured to receive the slow clock

signal; and

a tlip-tflop output configured to provide the output enable

in signal.

3. The delay circuit of claim 1, further comprising a fast
clock configured to provide the fast clock signal.

4. The delay circuit of claim 3, wherein the fast clock
comprises a ring oscillator.

5. The delay circuit of claim 1, further comprising an
OR-based logic gate comprising:

a first OR-based input configured to receive the first

strobe signal;

a second OR-based mput configured to receive the second

strobe signal; and
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an OR-based output.

6. The delay circuit of claim 5, further comprising an
AND-based logic gate comprising:

a first AND-based mput configured to receive the output

enable 1n signal;

a second AND-based mput coupled to the OR-based
output; and

the delayed output.

7. The delay circuit of claim 1, wherein:

the first shift register chain comprises an even number of
first shift elements; and

the second shiit register chain comprises an even number
of second shiit elements.

8. The delay circuit of claim 1, further comprising a

frequency compensation circuit configured to:

recerve the fast clock signal;

recerve the slow clock signal; and

compensate the output enable out signal based on a delay
variance between the slow clock signal and the fast
clock signal.

9. The delay circuit of claim 8, wherein the frequency

compensation circuit comprises:
a counter circuit configured to count a number of fast
clock signal transitions that occur during a cycle of the
slow clock signal; and
the frequency compensation circuit further configured to
determine the delay varniance between the slow clock
signal and the fast clock signal based on the number of
counted fast clock signal transitions.
10. The delay circuit of claim 8, wherein:
the frequency compensation circuit 1s further configured
to provide a selection signal based on the delay vari-
ance; and
the delay circuit further comprises:
a multiplexer, wherein data inputs of the multiplexer
are coupled to individual elements within the first
shift register chain and individual elements within
the second shift register chain; and
the multiplexer 1s configured to:
provide the first strobe signal based on the selection
signal recerved from the frequency compensation
circuit; and

provide the second strobe signal based on the selec-
tion signal received from the frequency compen-
sation circuit.

11. The delay circuit of claim 1, further comprising a
power reduction circuit configured to pause the fast clock
signal when the output enable 1n signal and the output enable
out signal are logically equal.

12. The delay circuit of claim 4, further comprising;

a power reduction circuit configured to pause the fast
clock signal when the output enable 1n signal and the
output enable out signal are logically equal; and

the power reduction circuit comprises an XOR-based
logic gate configured to:
receive the output enable 1 signal and the output

enable out signal; and

provide a power reduction signal.

13. The delay circuit of claim 12, wherein the ring
oscillator comprises:

a plurality of serially coupled verters; and

an AND-based logic gate configured to:
receive an inverter signal from a final mverter from

among the plurality of senially coupled inverters;
receive the power reduction signal; and

provide the fast clock signal.
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14. The delay circuit of claim 1 integrated into an inte-
grated circuit (IC).

15. The delay circuit of claim 1 integrated into a device
selected from the group consisting of: a set top box; an
entertainment unit; a navigation device; a communications
device; a fixed location data unit; a mobile location data unait;
a mobile phone; a cellular phone; a computer; a portable
computer; a desktop computer; a personal digital assistant
(PDA); a monitor; a computer monitor; a television; a tuner;
a radio; a satellite radio; a music player; a digital music
player; a portable music player; a digital video player; a
video player; a digital video disc (DVD) player; and a
portable digital video player.

16. A method for delaying an output enable signal,
comprising:

receiving a fast clock signal;

receiving a slow clock signal;

receiving an output enable in signal, wherein the output
enable 1n signal 1s based on the slow clock signal;

generating a first strobe signal based on the output enable
in signal and the fast clock signal;

generating a second strobe signal based on the output
enable 1n signal and the fast clock signal, wherein each
transition of the second strobe signal 1s opposite of each
corresponding transition of the first strobe signal; and

providing an output enable out signal based on the first
strobe signal, the second strobe signal, and the output
cnable 1n signal.

17. The method of claim 16, further comprising compen-
sating the output enable out signal based on a delay vanance
between the slow clock signal and the fast clock signal.

18. The method of claim 17, wherein compensating the
output enable out signal comprises:

counting a number of fast clock signal transitions that
occur during a cycle of the slow clock signal; and

determining the delay variance between the slow clock
signal and the fast clock signal based on the number of
counted fast clock signal transitions.

19. The method of claim 16, further comprising pausing
the fast clock signal when the output enable 1n signal 1s
logically equal to the output enable out signal.

20. A delay circuit for delaying an output enable, com-
prising:

a first shift register chain configured to generate a first

strobe signal;

a second shift register chain configured to generate a
second strobe signal, wherein each transition of the
second strobe signal 1s opposite of each corresponding
transition of the first strobe signal; and

a delayed output configured to provide an output enable
out signal based on the first strobe signal, the second
strobe signal, and an input signal.

21. The delay circuit of claim 20, further comprising an

OR-based logic gate comprising;:
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a first OR-based input configured to receive the first

strobe signal;

a second OR-based 1input configured to recerve the second

strobe signal; and

an OR-based output.

22. The delay circuit of claim 21, further comprising an
AND-based logic gate comprising:

a first AND-based mnput configured to receive the input

signal;

a second AND-based input coupled to the OR-based

output; and

the delayed output.

23. The delay circuit of claim 20, turther comprising a
frequency compensation circuit configured to:

receive a last clock signal;

receive a slow clock signal; and

compensate the output enable out signal based on a delay

variance between the slow clock signal and the fast
clock signal.

24. The delay circuit of claim 20, further comprising a
power reduction circuit configured to pause a fast clock
signal when the mnput signal and the output enable out signal
are logically equal.

25. A system comprising:

a communications bus compliant with Sound Wire™ pro-

tocol, the communications bus comprising:
a data wire; and
a clock wire;

a master device coupled to one or more slave devices via

the communications bus; and

cach of the one or more slave devices comprising a delay

circuit, wherein each delay circuit among a plurality of
delay circuits comprises:
a first shiit register chain comprising:

a first chain mmput configured to receive an output
enable 1n signal, wherein the output enable 1n
signal 1s based on a slow clock signal provided on
the clock wire:

a first chain clock 1nput configured to receive a fast
clock signal; and

a first chain output configured to provide a first
strobe signal; and

a second shift register chain comprising:

a second chain 1nput configured to receive the output
enable 1n signal;

a second chain clock mput configured to receive the
fast clock signal; and

a second chain output configured to provide a second
strobe signal, wherein each transition of the sec-
ond strobe signal 1s opposite of each correspond-
ing transition of the first strobe signal; and

a delayed output configured to provide an output enable
out signal based on the first strobe signal, the second
strobe signal, and the output enable 1n signal.
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